Abstract Bone marrow stem cells (BMSCs) are pluripotent cells that have been used to facilitate bone repair because of their capability of differentiating into osteo-
rabbits that received 5 cc CRM alone were used as controls (CRM alone group). To exclude the possibility of migration of BMSCs from the transverse processes of the recipient rabbits, we did not decorticate the transverse processes. No rabbits received any immunosuppressive medications during the experiment. Four rabbits each in both of the experimental and control groups were killed at 1, 2, 4, and 6 months postimplantation, and the lumbar spine underwent radiological and histological analyses for evaluation of new bone formation. The polymerase chain reaction (PCR) for Sry gene (Y-chromosome-specific marker) was used to evaluate the survival of transplanted xenogenic BMSCs. The expression of Sry gene was clearly identified in the lumbar spines of all the 16 rabbits in the xenogenic BMSCs ? CRM group at 1-6 months postimplantation. Serial plain radiographs showed gradual resorption of CRM; however, it was difficult to clearly identify the presence of new bone formation due to the radiopacity of the remaining CRM. Histologically, mature lamellar and woven bone with osteoblasts and osteocytes were identified in all eight rabbits in the xenogenic BMSCs ? CRM group at 4 and 6 months postimplantation, but in none of the eight rabbits at 1 and 2 months postimplantation. None of CRM alone group showed new bone formation at 1-6 months postimplantation. Mild-tomoderate infiltration of inflammatory cells was identified around the CRM carriers in both the groups. No postoperative wound infection was found in either group. Our results indicate that xenogenic BMSCs loaded onto CRM survive and generate new bone formation when placed into the posterolateral lumbar spine of rabbits without immunosuppression. To determine if a solid fusion can be achieved with such techniques, further studies are needed to investigate the appropriate dose of xenogenic BMSCs, amounts of CRM, and the requisite incubation time.
Introduction
The use of autogenous bone graft has been considered as the ''gold standard'' for obtaining spinal fusion because of its osteoinductive, osteogenic, and osteoconductive properties. However, harvesting autogenous bone graft is inevitably associated with donor site morbidities and increased surgical time [27] . Therefore, extensive basic and clinical researches have been directed at developing alternatives to autogenous bone graft [11, 15, 17, 18, 21, 26] .
Bone marrow stem cells (BMSCs) are pluripotent cells that have been used to facilitate bone repair because of their capability of differentiating into osteoblasts. Because of their proliferative capacity, BMSCs can be isolated from a small amount of bone marrow aspirate and expanded in culture into billions of cells. Moreover, BMSCs can be subcultured for as many as 15 passages and cryopreserved without losing their differentiation potential [4-6, 8, 13, 16, 23] . However, it is well known that the number of BMSCs with osteogenic potential decreases in patients with old age, osteoporosis, and metabolic diseases [7, 10] . In such conditions, the clinical use of autologous BMSCs may have limited potential for providing starting material for cellular therapeutic applications.
One of the attractive advantages of BMSCs as a source of cell transplantation is their low immunogenicity. Recently, several studies have reported that BMSCs may be immune-privileged cells that do not elicit immune responses due to an absence of their immunologically relevant cell surface markers. BMSCs also are known to inhibit proliferation of T lymphocytes, B lymphocytes, dendritic cells, and natural killer cells [3, 14, 24, 26, 31] . This poses the intriguing possibility of utilizing allogenic or xenogenic BMSCs as an alternative in patients who have limited availability of autologous BMSCs. While allogenic BMSCs might be preferable to xenogenic ones, in humans, viable allogeneic tissue is not always readily available. Further, allogenic human cells have the potential for carrying disease, whereas the risk of such disease transmission might be minimized in genetically engineered animals that are specifically bred to serve as donors of BMSCs [2] .
Based on these findings, the authors performed the current study to investigate whether the transplanted xenogenic BMSCs can survive and induce new bone formation in the posterolateral lumbar spine of the rabbit without using immunosuppressive medications. To our knowledge, this is the first study to report the feasibility of xenogenic BMSCs transplantation in a spine fusion model.
Materials and methods
BMSCs isolation, culture, and expansion in medium with osteoinduction supplement
The isolation, culture, and expansion of BMSCs in medium with osteoinduction supplement were performed according to previously published methods. Briefly, four SpragueDawley male rats (1-month old) were killed by pentobarbital overdose. Bone marrow plugs were obtained from bilateral femurs of male rats, flushed out using 10 mL of culture medium (alpha-modified Eagle's medium, a-MEM) containing 10% inactivated FBS, antibiotics, L-ascorbic acid (50 lg/mL), sodium-glycerolphosphate (10 mmol/L) and dexamethasone (10 nmol/L), and expelled from a syringe through a 22-G needle. The released cells were collected in 25 T flask containing 5 mL of culture medium. The culture medium was changed after the first 24 h to remove nonadherent cells. Subsequently, the culture medium was changed three times a week. The cultures were maintained in a humidified atmosphere with 5% CO 2 at 37°C. The BMSCs of four or five passages were used for this experiment.
Implantation of BMSCs loaded onto CRM
A compression resistant matrix (CRM, Medtronic Sofamor Danek, USA) used in this study was chemically composed of 15% hydroxyapatite (HA) and 85% b-tricalcium phosphate (b-TCP) with 500 lm average pore size and 80% porosity [1] . Aliquots of BMSCs (1 9 10 6 cells) were incubated with 5 cc CRM matrix in 25 T culture flask for 2 h to allow attachment; 32 female New Zealand rabbits (3.5-4 kg) were divided into two groups in this study. In the experimental (xenogenic BMSCs ? CRM) group, BMSCs loaded onto 5 cc CRM were implanted bilaterally onto the L4-5 intertransverse processes of 16 female rabbits. In the control (CRM alone) group, 16 female rabbits received 5 cc CRM alone at the L4-5 intertransverse processes. To exclude the possibility of migration of BMSCs from the transverse processes of the recipient female rabbits, we did not decorticate the transverse processes. No rabbits received any immunosuppressive medications during the experiment. Serial plain radiographs of the lumbar spine were obtained at 1, 2, 4, and 6 months post-operatively using a tube-to-plate distance of 90 cm. Four rabbits each in both the experimental and the control groups were killed at 1, 2, 4, and 6 months after implantation, and the lumbar spine underwent histological analysis. The lumbar spines (L3-L6) were harvested from the rabbits immediately after being killed. The specimens were fixed in 4% paraformaldehyde at 4°C for 48 h, decalcified in 20% EDTA (pH 7.4) for 6 weeks, dehydrated and divided into two segments longitudinally. One segment was embedded in paraffin for histological analysis, and another one was used for PCR for Sry gene (Y-chromosome-specific marker).
Polymerase chain reaction (PCR) for
0 ) were synthesized on a DNA synthesizer. The PCR reaction mixture contained 1 lg of genomic DNA, 1.5 U of AmpliTaq, 20 pmol of rat Sry-specific primers, 10 pmol of rat GAPDH-specific primers. The PCR reaction was carried out in a programed thermal cycler for 35 cycles of denaturation (95°C for 1 min), annealing (48.3°C for 1 min), and extension (72°C for 1 min). Each PCR product was analyzed on a 2% agarose gel by electrophoresis. The gels were then stained with ethidium bromide and exposed to UV light.
Histological analysis
The paraffin block was sectioned 4-lm thick and dewaxed in xylene for 5 min and rehydrated through graded alcohol, stained with hematoxylin-eosin and Masson's trichrome methods, respectively. Histological analyses to determine new bone formation and local inflammatory reactions were performed under light microscopy.
Results
All recipient female rabbits tolerated the surgical procedure well and were mobile the same day as of surgery. Serious complications related to the surgical procedure, such as death and nerve injury, were not observed. During the experiment, all surviving rabbits were observed to behave and feed normally. No post-operative deep wound infection was found in either group.
Survival of transplanted xenogenic BMSCs
The expression of Sry gene, a Y-chromosome-specific marker of a male rat, was clearly identified in the lumbar spines of all 16 rabbits in the xenogenic BMSCs ? CRM group at 1, 2, 4, and 6 months postimplantation, compared with those of CRM alone group (Fig. 1) .
New bone formation of transplanted xenogenic BMSCs
Serial plain radiographs demonstrated gradual resorption of CRM over time in both xenogenic BMSCs ? CRM group and CRM alone group; however, it was difficult to clearly identify new bone formation due to the radiopacity of the remaining CRM at any follow-up point (Fig. 2) .
Histologically, mature lamellar and woven bone with osteoblasts and osteocytes were identified around the remaining CRM carriers in all eight rabbits in the xenogenic BMSCs ? CRM group at 4 and 6 months after implantation, but in none of the eight rabbits at 1 and 2 months postimplantation (Fig. 3) . The amount of newly formed bone was not sufficient to achieve solid fusion. None of CRM alone group showed evidence of new bone formation at 1, 2, 4 and 6 months postimplantation; only fibrous tissue was found around the remaining CRM carriers. Mild infiltration of inflammatory cells was identified around the remaining CRM carriers in both groups (Fig. 4) .
Discussion
It has been reported that BMSCs may be immune-privileged cells that do not elicit immune responses due to an absence of immunologically relevant cell surface markers. In addition, BMSCs have immunomodulatory function [3, 14, 24, 25, 31] . Such immunological characteristics of BMSCs theoretically can make them impervious to immunorejection following xenogenic transplantation, irrespective of the use of immune suppression. Previous studies have reported conflicting results following xenogenic BMSCS transplantation into non-immunosuppressed hosts, ranging from no survival to differentiation into destination cells [9, 19, 28, 30] . However, in our literature review, we were unable to find any study that had investigated the results of xenogenic BMSCs transplantation in a spine fusion model. The authors therefore performed the current study to investigate the hypothesis that xenogenic BMSCs transplanted into the spine can survive and induce new bone formation without immune suppression. To our knowledge, this is the first demonstration of the survival of transplanted xenogenic BMSCs in a posterolateral lumbar fusion model using PCR for Y-chromosomespecific DNA sequences (Sry gene). The accurate detection of surviving donor cells is critical for BMSCs (9100) transplantation models. Since the PCR can detect small amounts of gene-specific DNA sequences, this technique has recently been applied to investigate the survival of donor cells in sex-mismatched transplantation models (male donor, female host) [12, 20, 22, 29, 32] . Moreover, in the current study, we used a competitive PCR method, which detects both Sry and GAPDH genes, since a visible GAPDH band demonstrates a technically successful PCR reaction. Therefore, our results suggest that male rat BMSCs, which were xenogenically transplanted into the posterolateral lumbar spine of female rabbits, successfully survived without immune suppression. The CRM has been demonstrated to be an effective osteoconductive material in previous spine fusion study [1] . We therefore used CRM as a carrier of xenogenic BMSCs in this study. The presence of callus material began to appear at 4 months and increased at 6 months postimplantation on serial plain radiographs. The CRM carriers were gradually resorbed over time (from 1 to 6 months after implantation) as expected. However, some CRM still remained. Therefore, it was difficult to clearly identify the newly formed bone on radiographs due to the radiopacity of the remaining CRM. Perhaps computed tomography might more precisely evaluate the presence of new bone formation in future studies. In the present study, our goal was to detect new bone formation, not solid fusion. We therefore did not perform manual palpation and biomechanical testing.
We found histological evidence of new bone formation in the xenogenic BMSCs ? CRM group at 4 and 6 months after implantation. However, the amount of newly formed bone was small and not enough to achieve a solid fusion. One possible reason for the small amount of new bone formation might have been due to short incubation time (2 h) such that an insufficient number of xenogenic BMSCs were able to attach to the CRM carriers. Another possible reason is that the dose of xenogenic BMSCs (1 9 10 6 cells) used in this study may have been suboptimal. The optimal dose and incubation time remain to be determined in future studies that we are currently planning. Although mild infiltration of inflammatory cells was identified around the CRM carriers in both of experimental and control groups, no post-operative wound infection was found. Moreover, all animals were observed to behave and feed normally. Considering the expression of Sry gene and presence of new bone formation, transplanted xenogenic BMSCs were not rejected by immune system. After survival, xenogenic BMSCs differentiated into the osteoblasts and induced new bone formation in the posterolateral lumbar spine.
In conclusion, our results suggest that xenogenic BMSCs may provide an alternative to autologous BMSCs in situations where the host has limited availability of autologous BMSCs due to old age, osteoporosis, and metabolic diseases. This suggests the intriguing possibility of utilizing genetically engineered and specifically bred animals that are free of transmissible diseases as a source of BMSCs. To determine if a solid fusion can be achieved with such techniques, further studies are needed to investigate the appropriate dose of xenogenic BMSCs, amounts of CRM carriers, and the requisite incubation time. 
